Introduction {#sec1_1}
============

Idiopathic normal pressure hydrocephalus (iNPH) is a neurological disorder that preferentially occurs in the 6th--7th decades of life \[[@B1]\]. Although iNPH was thought to be a rare disorder, recent epidemiologic studies report its prevalence in the elderly to be 0.1--2.9% \[[@B2],[@B3]\]. Therefore, it is becoming increasingly important to make an early and accurate iNPH diagnosis. iNPH is classically defined as a condition presenting with gait disturbance, cognitive dysfunction and urinary incontinence. Cerebrospinal fluid (CSF) shunt surgery has been reported to improve these symptoms \[[@B4],[@B5]\]. The classic definition of iNPH does not provide any tools for the preoperative differentiation of iNPH from other neurological diseases presenting with similar symptoms. In an effort to address this issue, several guidelines and diagnostic criteria for the preoperative diagnosis of iNPH have been proposed recently \[[@B6],[@B7]\]. According to these guidelines, the preoperative diagnosis of iNPH is problematic when patients do not present with gait disturbance; however, cognitive dysfunction can be a dominant symptom at an early stage of iNPH \[[@B3],[@B8],[@B9]\]. In such cases, detailed characterization of cognitive dysfunction is essential for differentiating this disorder from neurodegenerative dementia.

Many previous studies on cognitive dysfunction in iNPH have focused on attention, executive function and memory \[[@B10],[@B11],[@B12]\], whereas fewer studies have focused on 'posterior cortical' functions, such as visuoperceptual and visuospatial functions. Given that pathological changes in iNPH are not localized to the frontal lobe but also affect posterior brain regions \[[@B13]\], a more comprehensive characterization of cognitive dysfunction in iNPH patients is necessary. In addition, information regarding the effects of surgical intervention on cognitive dysfunction is scarce. In this context, we characterized cognitive dysfunction in iNPH patients by comparing it to the dysfunction observed in patients with Alzheimer\'s disease (AD). In addition, we identified the effects of CSF shunt surgery on cognitive dysfunction in patients with iNPH.

Methods {#sec1_2}
=======

The Ethical Committee of the Tohoku University Graduate School of Medicine approved all procedures in this study. Written informed consent was obtained from all participants after the study procedure had been fully explained.

Diagnosis of iNPH {#sec2_1}
-----------------

To date, there are no accepted criteria by which a reliable diagnosis of preoperative iNPH can be made \[[@B6],[@B7]\]. To exclude the possibility of misdiagnosis or comorbidity, we employed the classic diagnostic criterion of iNPH by recruiting only patients who significantly improved (as defined below) after shunt surgery \[[@B5]\].

According to the guidelines of the Japanese Society of Normal Pressure Hydrocephalus, patients were invited for further evaluation if they presented with at least 1 of 3 symptoms (gait disturbance, cognitive dysfunction or urinary incontinence) and ventricular enlargement with a narrowing of the high convexity/midline subarachnoid spaces on magnetic resonance imaging (MRI) \[[@B6],[@B9]\]. Patients suspected of having other diseases, such as AD or Parkinson\'s disease, were excluded on the basis of neurological examination, neuropsychological testing, laboratory investigations, brain MRI, single photon emission computed tomography and lumbar CSF tap test. The remaining patients received shunt surgery irrespective of their CSF tap test result \[[@B6],[@B9]\]. Clinical symptoms before and after CSF shunt surgery were rated using the iNPH Grading Scale (iNPHGS) \[[@B14]\]. On this scale, each of the 3 symptoms is scored from 1 to 4, and the total score varies from 0 (normal) to 12 (severe). We defined a reduction ≥1 point on the total iNPHGS score after surgery compared to the baseline score as a significant improvement.

Subjects {#sec2_2}
--------

Patients with iNPH were prospectively recruited from patients admitted to the Department of Behavioral Neurology and Cognitive Neuroscience at the Tohoku University Hospital and the Department of Rehabilitation Medicine at the Akita Prefectural Center of Rehabilitation and Psychiatric Medicine from May 2006 to April 2009. Patients who were unable to complete the neuropsychological tests for clinical reasons, including refusal of the examination, delirium and severe apathy, were excluded from the study. Consequently, 32 patients with iNPH who showed significant improvement after CSF shunt surgery were included in this study. The mean ± SD iNPHGS scores before and after CSF shunt surgery were 2.5 ± 0.7 and 2.1 ± 0.8 (Wilcoxon test, p = 0.002) in cognition, 2.4 ± 0.7 and 1.7 ± 0.9 (p \< 0.001) in gait, 2.0 ± 1.0 and 0.9 ± 1.0 (p \< 0.001) in urination, and 6.9 ± 1.7 and 4.7 ± 1.9 (p \< 0.001) in total. The mean ± SD interval between the tests and shunt surgery was 1.7 ± 1.5 (range, 0--6) months. As disease controls, 32 patients with AD, matched for age, gender, duration of education and degree of cognitive dysfunction assessed by the Mini-Mental State Examination (MMSE), were selected from the same patient pools described above. Diagnosis was made according to the criteria for probable AD of the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer\'s Disease and Related Disorders Association \[[@B15]\]. To obtain normative data, 30 healthy elderly controls (normal control group, NC) who were equivalent in age, gender and education were also recruited. The demographic and clinical data of the study participants are summarized in table [1](#T1){ref-type="table"}.

A total of 26 (13 women/13 men) of the initial 32 iNPH patients were reevaluated approximately 1 year after the CSF shunt surgery. The other 6 patients withdrew because of refusal, complications or death. Postoperative follow-up (mean ± SD) lasted 12.6 ± 1.2 (range, 11--16) months. Patient age at baseline and duration of education (means ± SD) were 75.7 ± 4.5 (range, 65--84) and 10.0 ± 3.1 years, respectively.

Neuropsychological Assessments {#sec2_3}
------------------------------

The following neuropsychological tests were administered to evaluate various domains of cognition:

\(1\) MMSE \[[@B16]\] for general cognitive function.

\(2\) Digit span and spatial span tests for attention; summed scores of forward and backward spans were used for analysis.

\(3\) Word fluency \[[@B17]\], Trail Making Test-A (TMT-A) \[[@B17]\] and Frontal Assessment Battery (FAB) \[[@B18]\] for executive function. In the word fluency test, the 1-min free recall of words beginning with 'Fu', 'A', 'Ni' (phoneme) and of animal names (category) was tested. In the TMT-A test, the number of seconds required to complete the task was measured.

\(4\) Object naming subtest of the Western Aphasia Battery (WAB) \[[@B19]\] for language.

\(5\) The word recall and word recognition subtests of the AD Assessment Scale (ADAS) \[[@B20]\] for episodic memory. The scores of true and false recall, true and false recognition, and *d*′ were used, in which *d*′was calculated according to the formula adapted from the signal detection theory: *d*′ = *z* (hit rate) -- *z* (false-alarm rate) \[[@B21]\]. In the formula, the hit and false-alarm rates were converted to *z*-scores by the *z*-transformation (*z* is the inverse of the standard normal distribution function).

\(6\) Visual discrimination (length and size, direction and complex form), overlapping figures, and visual counting tasks \[[@B22]\] for visuoperceptual and visuospatial functions.

*Length and Size Discrimination.* The stimuli consisted of 12 sheets of A4-sized paper, on each of which 2 or 3 lines, circles or rectangles were printed. Subjects were asked to indicate the longest and shortest, and the largest and smallest shapes. The total score ranged from 0 to 20.

*Direction Discrimination.* Pairs of lines printed on a sheet of paper were presented to the subjects. Of the 15 pairs, 5 were parallel to each other, and the other 10 were inclined at angles from 4 to 7°. Subjects were asked to determine whether each pair of lines was parallel or not. Total score ranged from 0 to 15.

*Complex Form Discrimination.* Four line-drawn geometric figures were placed in a 2 × 2 array on each of 20 sheets of paper. Of each set of 4 figures, 3 were the same and 1 was slightly different, rotated or flipped. Subjects were instructed to point to the odd figure. The maximum possible score was 20.

*Overlapping Figures.* Three sets of overlapping line drawings were used. Each set contained 3 simple geometric figures, 4 man-made objects or 5 fruits (a total of 12 objects). The subjects were asked to identify all individual figures by naming, describing, tracing by finger or matching them with non-overlapping drawings. The maximum possible score was 12.

*Visual Counting.* There were 4--12 simple colored geometric figures (circles and triangles; red and blue) on each of 28 sheets of papers. Subjects were asked to count the number of figures with a specified color (red or blue) and form (circle or triangle) and the total number of figures. The maximum possible score was 56.

Statistical Analyses {#sec2_4}
--------------------

Group comparisons on individual neuropsychological tests among the iNPH, AD and NC groups were made using the Kruskal-Wallis test. Post hoc pairwise comparisons were tested using the Mann-Whitney U test with Dunn-Sidak correction.

As a measure of each cognitive domain, a composite domain score on each of the 4 cognitive domains: executive function/attention = digit span + spatial span + word fluency (phoneme + category) + TMT-A + FAB; episodic memory = ADAS true word recall + *d*′ of word recognition; language = WAB object naming, and visuoperceptual/visuospatial function = visual discrimination (direction and complex form) + overlapping figures + visual counting, was calculated. Each score was normalized by the following formula, which represents an alternative nonparametric procedure for parametric *z*-transformation: normalized score = 1 -- (median score of the patients/median score of the controls). Finally, we calculated the relative proportions (RP) of impairment in each cognitive domain to whole cognitive impairment according to the following formula: $$\text{RP}\,\left( \% \right)\, = \, 100\, \times \,\frac{\text{mean}\,\text{normalized}\,\text{score}\,\text{of}\,\text{the}\,\text{domain}}{\text{sum}\,\text{of}\,\text{mean}\,\text{normalized}\,\text{scores}\,\text{across}\,\text{the}\,\text{4}\,\text{domains}}$$

Comparisons of the scores before and after CSF shunt surgery were performed using the Wilcoxon test.

Results {#sec1_3}
=======

The results are summarized in table [2](#T2){ref-type="table"}. There were significant differences among the three groups for all test scores (p \< 0.05) except for the WAB object naming (p = 0.101), ADAS false recall (p = 0.226), and length and size discrimination (p = 1.000). The results of pairwise comparisons on the tests, in which significant group level differences were found, are described in detail below.

Although the iNPH group performed significantly worse than the NC group on the MMSE, there was no significant difference between the iNPH and AD groups. Compared to the NC group, the iNPH group performed significantly worse on the digit span and category fluency. There were no significant differences between the iNPH and AD groups on these tests. On the spatial span, phoneme fluency, TMT-A and FAB, the performance of the iNPH group was worse than the performances of the other two groups.

Compared to the NC group, the iNPH group was impaired on true recall, true recognition and *d*′ of the ADAS, whereas the iNPH and AD groups were comparable on these measures. The iNPH patients made fewer false recognition responses than the AD patients. No significant differences were found between the iNPH and NC groups in terms of the number of false recognition responses.

Although the performance of the iNPH group was significantly worse than that of the NC group on the direction discrimination and overlapping figure, there was no significant difference between the iNPH and AD groups. On the complex form discrimination and visual counting, the performance was significantly worse in the iNPH group than the other two groups.

The relative proportion of impairment in each cognitive domain to whole cognitive impairment is illustrated in figure [1](#F1){ref-type="fig"}. Cognitive impairment in iNPH was dominated by executive/attentional deficits (52.1% of the overall cognitive deficits). In the AD group, episodic memory impairment accounted for more than half of the overall cognitive deficits (54.9 %).

Changes in Neuropsychological Test Performances after Shunt Surgery {#sec2_5}
-------------------------------------------------------------------

These results are summarized in table [3](#T3){ref-type="table"}. One year after the CSF shunt surgery, performances of the TMT-A and FAB were significantly improved. A trend toward improvement was also observed in the visual counting score. The other 1-year test scores did not differ significantly versus before shunt surgery.

Discussion {#sec1_4}
==========

Cognitive dysfunction in iNPH has long been classified under the category subcortical dementia, wherein the frontal dysexecutive syndrome is a dominant clinical manifestation. However, neuropsychology of iNPH has not been investigated in a comprehensive manner. A detailed characterization of cognitive dysfunction is essential for the differential diagnosis of preoperative iNPH and other dementia-type disorders. The present investigation revealed that patients with iNPH were impaired in broader cognitive domains than previously believed. These deficits extend beyond executive function, attention, and episodic memory to visuoperceptual and visuospatial functions. Although there were quantitative/statistical differences between iNPH and AD, including the more severe deficits in attention, executive function, and visuoperceptual and visuospatial functions that were observed in iNPH patients, it might be difficult to differentiate between the two disorders based on small sets of neuropsychological tests on an individual patient basis because of the substantial overlap in each test score between iNPH and AD patients. We suggest that it is useful to identify the pattern of cognitive deficits of each disorder by examining broad cognitive domains. We found that frontal lobe dysfunctions accounted for \>50% of the whole cognitive deficit in iNPH patients, whereas memory impairment accounted for \>50% of the cognitive deficit in AD patients (fig. [1](#F1){ref-type="fig"}).

Consistent with previous studies, iNPH patients displayed impaired executive function and attention. This finding is consistent with the cognitive features of subcortical dementia, which arises from disruption of the frontal-subcortical circuits \[[@B23],[@B24],[@B25]\]. Previous neuroimaging studies have reported that frontal cortical grey matter volume is preserved, but frontal regional cerebral blood flow (rCBF) is decreased in iNPH patients \[[@B26],[@B27],[@B28],[@B29]\]. These findings support the view that frontal lobe-like cognitive dysfunction in iNPH is associated with subcortical white matter damage but not frontal lobe damage itself.

It has been proposed that the pattern of memory deficit in iNPH is of a 'frontal lobe' type, in which recall is disproportionately affected relative to recognition memory \[[@B10],[@B11]\]. In contrast, AD patients are reportedly impaired in recall as well as in recognition \[[@B30]\]. However, we found that both recognition and recall were impaired in a similar fashion in the iNPH and AD groups, suggesting that memory impairment in iNPH is not exclusively ascribable to frontal lobe dysfunction. A recent neuroimaging study demonstrated a reduction in the medial temporal volume in iNPH \[[@B28]\]. We suggest that the medial temporal lobe damage may be associated with memory impairment in iNPH \[[@B28]\]. Increased false recognition in AD was the only feature in the memory domain that differentiated between the two disorders \[[@B31]\]. Some investigators have stressed the significance of executive dysfunction in the mechanism of false recognition \[[@B32]\]. However, the lower rate of false recognition in iNPH patients is inexplicable by this hypothesis, because the impairment in executive function was higher in iNPH than in AD patients. Consistent with the present findings, previous studies have demonstrated that patients with depressive pseudo-dementia \[[@B33]\] and progressive supranuclear palsy \[[@B34]\] made fewer false recognition errors than those with AD. Conservative response bias due to apathy or psychomotor slowing may be associated with less false recognition in patients with iNPH or other subcortical dementias \[[@B35]\].

Visuoperceptual and visuospatial functions have not been addressed in previous studies of iNPH, and the present investigation demonstrated significant impairment in these functions. In particular, the impairment in the visual discrimination and the visual counting tasks was more severe in iNPH than in AD patients. Defective performance on the visual discrimination tasks suggests impairment in visual form perception or constructive function \[[@B22]\]. Previously, a constructive deficit in iNPH has been demonstrated using the block design task of the WAIS-R \[[@B12]\]. Although the visual counting task requires working memory, patients with frontal lobe damage performed normally on this task in a previous study. This suggests the primary contribution of visuospatial function, which is subserved by the parietal cortex, in this task \[[@B36]\]. These findings are consistent with previous neuroimaging studies that showed a parietal rCBF reduction in iNPH \[[@B13],[@B29]\].

Our longitudinal analysis revealed that CSF shunt surgery improved TMT-A and FAB performance. Although not statistically significant, we also found a trend towards an improvement in the visual counting task. A previous study in healthy subjects reported a 3.6% improvement in the test-retest of the TMT-A with a 1-year interval \[[@B37]\], whereas the present study demonstrated a 23.5% improvement 1 year after surgery compared to the baseline values. Although there is no published report on the practice effects in FAB and the visual counting task, our preliminary investigation of 20 patients with AD showed no practice effects in the 1-week-interval test-retest of FAB \[[@B38]\]. These findings suggest that the longitudinal improvement observed in the present study is not ascribable to a practice effect. This interpretation is supported by previous neuroimaging studies in which frontal and parietal rCBF was improved after shunt surgery \[[@B39],[@B40]\].

Lastly, a major limitation of the study should be noted. Because of the lack of pathological confirmation, we are unable to rule out the possibility that some of the present iNPH patients might have had AD pathology. Concomitant AD pathology would have affected baseline neuropsycholgical performance and postoperative improvements \[[@B41]\].
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###### 

Demographic profiles of the iNPH, AD and NC groups

                                iNPH         AD           NC           p value
  ----------------------------- ------------ ------------ ------------ ----------------------------------------
  Subjects, n                   32           32           30           0.960 (χ^2^ test)
   Females/males                16/16        17/15        15/15        
  Age, years                    76.3 ± 4.6   76.0 ± 5.8   76.8 ± 5.7   0.860[^a^](#T1F1){ref-type="table-fn"}
  Education, years              10.1 ± 3.6   9.9 ± 2.5    10.5 ± 2.8   0.762[^a^](#T1F1){ref-type="table-fn"}
  CSF shunt operation (VP/LP)   22/10                                  

Means ± SD except for number of subjects.

CSF = Cerebrospinal fluid; VP = ventriculo-peritoneal; LP = lumbo-peritoneal.

p values are based on one-way analysis of variance.

###### 

Neuropsychological test scores and time needed for the TMT-A in iNPH, AD and NC groups (means ± SD)

  Test/subtest            Total score   iNPH (n = 32)                                                                    AD (n = 32)                                    NC (n = 30)   H        p value
  ----------------------- ------------- -------------------------------------------------------------------------------- ---------------------------------------------- ------------- -------- ---------
  MMSE                    30            21.6 ± 4.6[^a^](#T2F1){ref-type="table-fn"}                                      21.3 ± 3.4[^a^](#T2F1){ref-type="table-fn"}    28.7 ± 1.3    52.942   \<0.001
  Digit span                            7.7 ± 1.8[^a^](#T2F1){ref-type="table-fn"}                                       8.5 ± 1.3                                      9.4 ± 1.6     13.543   \<0.001
  Spatial span                          7.6 ± 1.9[^a^](#T2F1){ref-type="table-fn"}^,^[^b^](#T2F2){ref-type="table-fn"}   8.8 ± 1.4[^a^](#T2F1){ref-type="table-fn"}     10.6 ± 1.8    32.172   \<0.001
  Word fluency                                                                                                                                                                                 
   Phoneme                              11.5 ± 6.2^a,b^                                                                  17.1 ± 8.1                                     22.1 ± 7.8    25.815   \<0.001
   Category                             7.1 ± 4.1[^a^](#T2F1){ref-type="table-fn"}                                       8.2 ± 3.0[^a^](#T2F1){ref-type="table-fn"}     15.1 ± 5.3    39.575   \<0.001
  TMT-A, s                              163.8 ± 110.4^a,b^                                                               96.9 ± 65.4[^a^](#T2F1){ref-type="table-fn"}   52.3 ± 19.5   32.321   \<0.001
  FAB                     18            9.9 ± 3.0^a,b^                                                                   12.1 ± 2.5[^a^](#T2F1){ref-type="table-fn"}    15.7 ± 1.7    47.928   \<0.001
  WAB object naming       60            57.8 ± 3.2                                                                       57.0 ± 3.6                                     58.7 ± 1.6    4.588    0.101
  ADAS word recall                                                                                                                                                                             
   True recall            30            12.9 ± 4.0[^a^](#T2F1){ref-type="table-fn"}                                      13.7 ± 3.5[^a^](#T2F1){ref-type="table-fn"}    21.5 ± 2.8    52.220   \<0.001
   False recall                         0.6 ± 0.9                                                                        0.9 ± 1.6                                      0.3 ± 0.5     2.973    0.226
  ADAS word recognition                                                                                                                                                                        
   True recognition       36            23.4 ± 9.2[^a^](#T2F1){ref-type="table-fn"}                                      24.6 ± 10.6[^a^](#T2F1){ref-type="table-fn"}   31.3 ± 3.9    15.869   \<0.001
   False recognition      36            0.7 ± 2.4                                                                        4.3 ± 6.4^a,c^                                 0.1 ± 0.3     28.960   \<0.001
   d\'                                  2.50 ± 0.90[^a^](#T2F1){ref-type="table-fn"}                                     2.06 ± 0.89[^a^](#T2F1){ref-type="table-fn"}   3.37 ± 0.52   33.245   \<0.001
  Visual discrimination                                                                                                                                                                        
   Length and size        20            20.0 ± 0.0                                                                       20.0 ± 0.0                                     20.0 ± 0.0    0.000    1.000
   Direction              15            13.8 ± 2.3[^a^](#T2F1){ref-type="table-fn"}                                      13.7 ± 1.8[^a^](#T2F1){ref-type="table-fn"}    14.8 ± 0.5    14.792   \<0.001
   Complex form           20            18.3 ± 2.5^a,b^                                                                  19.6 ± 0.7                                     19.7 ± 0.6    14.620   \<0.001
   Overlapping figures    12            11.5 ± 0.8[^a^](#T2F1){ref-type="table-fn"}                                      11.7 ± 0.6                                     12.0 ± 0.2    9.474    \<0.001
   Visual counting        56            49.9 ± 5.3^a,b^                                                                  53.8 ± 2.8                                     55.2 ± 1.0    30.922   \<0.001

p values are based on the Kruskal-Wallis test and the post hoc Mann-Whitney U test with Dunn-Sidak correction. Total scores indicate the maximum possible score.

p \< 0.05 vs. NC

p \< 0.05 vs. AD

p \< 0.05 vs. iNPH.

###### 

Neuropsychological test scores and time needed for the TMT-A before and 1 year after shunt surgery (means ± SD)

  Test/subtest            Total score   Before (n = 26)   After (n = 26)   p value
  ----------------------- ------------- ----------------- ---------------- ---------
  MMSE                    30            22.2 ± 4.6        23.2 ± 4.5       0.087
  Digit span                            7.5 ± 2.0         7.7 ± 1.8        0.537
  Spatial span                          7.6 ± 2.0         7.7 ± 1.6        0.842
  Word fluency                                                             
   Phoneme                              12.1 ± 6.5        12.3 ± 6.5       0.613
   Category                             7.7 ± 3.1         7.8 ± 3.9        1.000
  TMT-A, s                              165.1 ± 119.0     126.2 ± 85.0     0.027
  FAB                     18            10.3 ± 2.9        11.6 ± 3.6       0.013
  WAB object naming       60            58.3 ± 3.1        58.8 ± 2.4       0.245
  ADAS word recall                                                         
   True recall            30            13.4 ± 4.0        13.8 ± 5.0       0.452
   False recall                         0.5 ± 0.9         0.5 ± 0.8        0.771
  ADAS word recognition                                                    
   True recognition       36            23.9 ± 8.2        23.3 ± 10.1      0.788
   False recognition      36            0.7 ± 2.6         0.2 ± 0.5        0.410
   d\'                                  2.56 ± 0.80       2.59 ± 0.99      0.798
  Visual discrimination                                                    
   Length and size        20            20.0 ± 0.0        20.0 ± 0.0       1.000
   Direction              15            13.5 ± 1.5        13.5 ± 1.6       0.775
   Complex form           20            18.3 ± 2.3        18.8 ± 1.4       0.138
   Overlapping figures    12            11.5 ± 0.8        11.7 ± 0.8       0.350
   Visual counting        56            50.6 ± 5.4        52.4 ± 3.9       0.074

p values are based on the Wilcoxon test. Total scores indicate the maximum possible score.
